ABSTRACT: An Mw 6.3 earthquake hit Yogyakarta, Indonesia in 2006, causing massive damage in this densely populated area. As a consequence, risk reduction efforts in terms of local seismic response and peak ground acceleration (PGA) mapping is needed to improve the spatial planning and early assessment before another disastrous earthquake. The determination of PGA for microzonation study was conducted by referring to the Indonesian seismic code and empirical prediction by examining attenuation relationships considering the local site effects. The site investigation was conducted at 87 locations, comprising 13 core drillings and 74 microtremor measurements. Further, the nonlinear earthquake site response analyses were conducted to calculate the local seismic response occurring in a layered soil. Referring to the seismic code with a 2% probability of exceedance in 50 years and site characteristics, the maximum considered earthquake geometric mean PGA for Yogyakarta City is 0.50-0.57g, while the southern area has higher PGA. The empirical prediction by attenuation relationships that considers the 6.3 Mw Yogyakarta earthquake 2006 with 50-100 year return period resulted in PGA of 0.14g to 0.21g. Meanwhile, the empirical prediction based on soil predominant period resulting from microtremor measurements shows that the southern part of the city has higher PGA of 0.2g to 0.3g whereas the northern part has lower PGA of 0.1g to 0.2g. The result of nonlinear earthquake site response analyses shows that the PGA at the southern part and the northern part of the city have higher PGA up to 0.38g. The results show the significance of local site effects and site response analysis in determining the earthquake characteristics in comparison to the present simplified empirical approach.
INTRODUCTION
Peak ground acceleration (PGA) represents the acceleration at the ground surface that will occur in the aftermath of an earthquake with a certain magnitude in a certain area. It is difficult to determine PGA as the time, location, and magnitude of the earthquake cannot be predicted accurately; therefore, it must be determined based on past earthquake catalogues and fault studies. PGA depends on the local site characteristics, ground amplification, earthquake magnitude, and hypocenter distance [1] . Several methods frequently used in the PGA determination are historical earthquake, maximum probable earthquake, seismic code in every country and earthquake maps [2] .
The Yogyakarta earthquake on May 27, 2006 with the magnitude of Mw 6.3 and hypocenter depth of 10 km [3] has proven the necessity of a proper microzonation study. It destroyed 60,000 houses and 393 school buildings, with total casualties of 6,736 people killed, 45,210 people injured and 33,345 internally displaced persons in 95 temporary shelters [4] . The level of damage was not only influenced by the structural integrity and durability of the building but also by the level of soil amplification to the earthquake [5] and PGA distribution in the affected area [4] . Therefore, the local seismic response and PGA mapping are very critical to determine the building design, to improve spatial planning and to conduct an effective emergency response and assessment before another disastrous earthquake [6] , [7] .
The Indonesian seismic code describes earthquake prone areas and response spectrums for regions in Indonesia [8] . The earthquake map is based on the probabilistic seismic hazard analysis taking into account bedrock condition and active fault distribution [9] . Considering the scale of the national map, there is a necessity to provide seismic microzonation studies in determining the PGA taking into account the local site effects of geological conditions based on the actual site investigation and field measurement, especially for densely populated areas [10] , [11] , [12] . Previously, single observation of microtremors to estimate the site-dependent amplification characteristics and microtremor array investigation to gain the soil condition of subsurface structures have been conducted in Padang [13] and Palu [14] of Indonesia.
The determination of PGA in this research uses past earthquake references and results of the site investigation by core drillings, seismic downhole tests, and microtremor measurements. The result of the study is in the form of PGA microzonation that shows the hazard susceptibility level caused by the earthquake. Through this microzonation study, it is expected that the building code and spatial planning in earthquake prone areas can be properly developed and implemented.
GEOLOGICAL CONDITION
Yogyakarta is located in a depression area in the region of the volcanic arc of the Central Java and the Java Trench, surrounded by several fault zones [15] . The city is located at the foot of Mt. Merapi volcano that is bordered by two mountains in the eastern and western part, and a coast in the southern part [16] . The Yogyakarta metropolitan area is a graben filled by young volcanic debris deposited by various ways (fluvial, lahar, and pyroclastic) [17] .
The sedimentation occurring in Yogyakarta is controlled by three main rivers, namely the Code River, Gajah Wong River, and Opak River (Fig. 1) . Those rivers originate from Mt. Merapi; flowing down in wider and meandering streams to the south. The rivers transport and deposit volcanic sediment to the lower land of Yogyakarta. The fluvial process occurs in balance with natural erosion, transportation, and sedimentation.
In general, the volcanic deposit comprises thick medium to dense sand with a good bearing capacity for building foundations. As a graben, it is filled with thick quaternary sedimentary rock while several parts of the southern area have a basement of tertiary clastic sedimentary rocks such as marlstone/mudstone, limestone, and a reef belonging to the Sentolo Formation [18] .
In the western part of Yogyakarta, an andesite basement belonging to Old Andesite Formation is found. Quaternary sediment filling of the Yogyakarta depression comprises the Sleman Formation, Yogyakarta Formation, and Wates Formation (Fig. 1) . The Yogyakarta Formation consists of sand, gravel, silt and clay coming from the Sleman Formation located in the north. The Sleman Formation is the base for the Yogyakarta Formation, consisting of 20-40 meters of layers of sand, volcanoclastic, gravel and boulders of rocks. From Fig. 1 , the study area is located in the Yogyakarta Formation with the upper lithology formed by young Merapi deposits. This formation spreads from the middle flank of Mt. Merapi to the south of Bantul and has a fine grain size gradation.
There are two main faults that are relatively directed to the north-south and east-west. The Opak fault is a normal fault directed to north-south along Opak River and the biggest fault is located in the eastern part of Yogyakarta [18] . Based on the drilling data, some normal faults are also found in the east-west direction across Yogyakarta city. Fig. 1 Geological map of the Yogyakarta depression area, modified from [18] 
METHOD
At the preliminary stage of this research, PGA determination in Yogyakarta City was conducted by referring to Indonesian seismic code [8] and by empirical prediction with attenuation equations considering local site effects. The Indonesian seismic code considers the soil characteristics from the results of Standard Penetration Test (SPT), seismic downhole surveys and laboratory tests. It determines the earthquake zonation based on the PGA for design earthquake with 2500 year return period (2% probability of exceedance in 50 years). The determination of PGA is based on past earthquakes, maximum probable earthquake, and the soil condition.
The empirical prediction with attenuation relationship formulates the PGA based on the earthquake magnitude and the hypocenter distance. The attenuation relationship for Indonesia has never been developed; therefore, equations from other countries with similar tectonic and geological condition are used [1] , [19] , [20] , [21] .
In the next phase, the PGA determination using nonlinear earthquake site response analyses was conducted by calculating the seismic site responses occurring in a layered soil. The main input in the calculation is the profile of soil layers, shear wave velocity, and the maximum PGA using ground motion sources from the past earthquakes. The analysis was carried out at 87 locations in the research area, comprising 13 core drillings and 74 microtremor measurements. At two boreholes (B12 and B13), the seismic downhole test was performed. The location of boreholes and microtremor measurement in the research area is shown in Fig. 2 . 
DETERMINATION OF PEAK GROUND ACCELERATION
The soil characteristic of the Yogyakarta City is determined using the results of site investigation and laboratory tests. The upper lithology of the Yogyakarta depression area consists of an interlayer of sand, silt and clay, while in general the soil layer is dominated by sand. The correlation of boreholes B6, B11 and B13 from the north to south of Yogyakarta City is shown in Fig. 3 . The cross section shows the thickness of silt and clay layer increases to the south direction. The silt-clay layer has an internal friction of lower than 25 o , the cohesion of 0.14 to 0.35 kg/cm 2 with the average N-SPT value less than 15. Meanwhile, the sand layer has the internal friction angle of 35 o to 43.5 o , the cohesion of 0.1 to 0.01 kg/cm 2 , and the average N-SPT value of 17 to 45. Considering the soil layer characteristic at the study area, the following section analyzes the determination of peak ground acceleration (PGA) using various methods i.e. (1) referring to Indonesian seismic code; (2) empirical prediction by incorporating the attenuation equations considering local site effects; and (3) site response analyses in layered soil.
PGA Determination based on Seismic Code
PGA is obtained by determining seismic zones based on the Indonesian seismic code (Fig. 4 ) and soil types depending on the average shear wave velocity ( s v ), the average standard penetration test ( N ), and the average undrained shear strength ( u S ), as shown in Table 1 . The PGA is determined by combining the earthquake zonation (Fig. 4 ) and soil types ( 
where PGAM = maximum considered earthquake geometric mean PGA adjusted for site class effects; PGA = peak ground acceleration using Fig.  4 ; and FPGA = site coefficients ( Table 2) .
Indonesian earthquake zonation map with peak bedrock acceleration of earthquake with a 2% probability of exceedance in 50 years (2500 year return period) [8] Since 2002 and then revised in 2010, the Indonesian seismic code has been using the probabilistic seismic hazard analysis to determine the PGA for the bedrock with the probability of exceedance of 10% in 50 years (500 year return period). However, the newly published code considers a 2% probability of exceedance in 50 years (2500 year return period) [8] . From Fig. 4 , it is shown that Yogyakarta City is located in the zone with PGA of 0.50g to 0.60g. According to the results of site investigation, the average N-SPT values ( N ) in 13 boreholes are 15 to 50. At 2 seismic downhole surveys, the average value of shear wave velocity up to 30 meter in B13 is 198.81 m/s with N = 30, while in B12 is 240.38 m/s with N = 26. As seen in Table 1 and 2, the soil in Yogyakarta City can be classified as medium soil (SD). Therefore, the city has the maximum considered earthquake geometric mean PGA of 0.50-0.57g, while the southern area has higher PGA. Meanwhile, the previous code gives the peak bedrock acceleration value of 0.25g and PGA for medium soil of 0.32g.
Empirical Prediction of PGA by using Attenuation Relationships
PGA is calculated using the empirical equations based on the earthquake magnitude and hypocenter distance or active faulting that happened in the past. The attenuation relationships used in the calculation are the Boore et al. equation [19] and Bozorgnia et al. equation [20] taking into account site characteristics. The Yogyakarta earthquake on May 27 2006 is considered as the strongest earthquake that hit Yogyakarta in the past. According to USGS [3] , this earthquake had the magnitude of Mw 6.3 and epicenter coordinate of 440265.66E; 9119863.97N with the hypocenter depth of 10 km. Considering the historical earthquakes around Yogyakarta compiled from [3] , [17] , [22] , and [23] , the Yogyakarta earthquake 2006 is estimated to have a 50-100 year return period.
Boore et al. [19] developed an attenuation relationship based on the earthquake data in the northeast of America with earthquake magnitude from 5.0 to 7.7 and the distance from the active fault less than 100 km as shown in Eq. (2).
0.5 ; d = distance from observed site to the nearest active fault; b, h = coefficient determined by [19] ; GB = 0 for observed point A and C class, and 1 for B class; GC = 1 for observed point A and B class, and 0 for C class. The level of observed class is determined based on shear wave velocity ( 
Study area
The map of active faults in Yogyakarta was developed using data integration after the occurrence of earthquake ground motion, Cenozoic geo-history, and tectonic geomorphology [16] . The active fault close to Yogyakarta is part of the Opak Fault and classified as a normal fault. The calculation result using the Boore et al. attenuation relationship at 87 observed sites has PGA of 0.14g to 0.21g.
Bozorgnia et al. [20] developed an attenuation relationship based on the earthquake data occurring throughout the world, i.e. 2800 of uncorrected PGA from 48 earthquakes, and more than 1300 response spectra data from 33 earthquakes that can be elaborated as follows. 
where Mw = moment magnitude; Rs =distance from observed point to the nearest active fault; SHS = 1 for Holocene soil; SPS = 1 for Pleistocene soil; SSR = 1 for soft rock; SHR = 1 for hard rock; SHS = SPS = SSR = SHR = 0 for other type of soil; FSS = 1 for strike slip faulting; FRV = 1 for reverse faulting; FTH = 1 for thrust faulting; FSS= FRV = FTH = 0 for other fault types; c1 -c16 = regression coefficient.
The result of the calculation using the deterministic approach [20] shows that the 87 observed points are classified into the zone with PGA value of 0.16g to 0.19g. The most influencing factor for PGA in this equation is the distance from the observed point to the active fault and the magnitude of the earthquake.
PGA Determination based on Microtremor Measurement
Microtremor measurement is often used to determine the local site effects in the earthquake prone areas with limited ground motion records, in order to develop a seismic microzonation [24] . The resonance frequency obtained from microtremor measurement theoretically has a closer value to the frequency directly measured in the big magnitude earthquake. This study used the attenuation equation proposed by Kanai [21] , which correlates the PGA, soil predominant period (Tg) from microtremor recording, earthquake magnitude, and the distance from hypocenter (Eq. 4). where a = PGA at the observed site (cm/sec 2 ); Tg = dominant period (s); R = the closest distance from observed point to the hypocenter or active fault (km); M = earthquake magnitude in Richter scale. Fig. 5 shows the result of PGA calculation using the Kanai equation [21] considering the Mw 6.3 Yogyakarta earthquake. Based on the soil predominant period resulting from microtremor measurement, the PGA at the research area varies from 0.05g to 0.30g. It is clarified that the southern part of Yogyakarta City has higher PGA, mostly 0.2g to 0.3g, whereas the northern part of Yogyakarta has lower PGA of 0.1g to 0.2g. 
Nonlinear Earthquake Site Response Analysis
Nonlinear Earthquake site Response Analyses (NERA) calculate the site response in layered soil by taking into consideration the soil layering profile, shear wave velocity, and the PGA value [25] . The ground motion recorded in the past can be used as source ground motion in this calculation. In addition, source ground motion will be scaled based on the maximum PGA. Layered soil in the observed site is connected to the value of shear wave velocity that plays a significant role in determining the accuracy of the calculation.
Shear wave velocity can be obtained from the seismic downhole test, the use of Bunsanf-HV Matsuo program or by using empirical equation. In this research, the shear wave velocity was determined using empirical equation. Numerous researchers have developed the empirical correlation of shear wave velocity and the N-SPT value considering the soil types at the observed site [26] . The empirical correlation between shear wave velocity and N-SPT value was developed based on geotechnical and geoseismic data [27] and has shown better results compared to the other empirical equations. This equation takes into account the soil types at the observed site, as shown in the following equations: (7) where Vs = shear wave velocity (m/s); N = number of blows of N-SPT.
In the above equations, the N-SPT value is very critical for calculating shear wave velocity while the soil type is not too critical. The equation based on uncorrected N-SPT values shows better results than the equation based on corrected N-SPT values. Therefore, it is suggested to use the equation developed for all soil types based on uncorrected N-SPT value in the calculation [27] . The above equations are used to obtain shear wave velocity of the existing borehole data.
In the analysis at 87 observed sites (Fig. 2) , the soil profile was estimated and interpolated from the boreholes data nearby. The soil profile in every observed site was determined based on the result of borehole test combined with the laboratory test.
The determination of ground motion based on 4 source ground motions was performed to reduce the uncertainty of the observed location. The Indonesian seismic code requires that 4 recorded accelerograms of 4 different earthquakes must be observed at the minimum, one of which is El Centro N-S. The source ground motions used in the PGA calculation are:
1. Loma Prieta Earthquake at South California 2. Imperial Valley Earthquake, May 18 1940 May 18 , 2037 PST N-S Corrected El Centro N-S, 3. Parkfield, COMP N65E, 4. Taft Earthquake July 21 1952 N69W.
The source ground motion scaling was conducted by taking into account the Yogyakarta earthquake amplification map [5] , the geological condition, historical earthquakes and site effects. In the measurements located in the medium amplification zone, the source ground motion was scaled at 0.25g while the measurements in very high and high amplification zone, the source ground motion was scaled at 0.275g and 0.30g. This scaling was determined to be compared to the results deterministic approach by attenuation relationships considering the Yogyakarta earthquake 2006. Fig. 6 shows the result of the ground motion scaling used in the calculation. The profile of soil layer in the borehole needs to be adjusted into input data specified in the program, namely inputting soil types, layer thickness, total unit weight and shear wave velocity. Table 3 shows the example of input data for soil profile in B13 at the South most Yogyakarta City (see Fig. 2 ) where the groundwater table is at layer No. 5. Soil material type needs to be defined in the next step. Data input is the value of strain and comparison of G/Gmax. This data is used to illustrate the shear modulus graphic and damping ratio (Fig. 7) .
The calculation requires input data for earthquake, soil profile and soil material type. The
next phase is the calculation of maximum shear modulus and vertical effective stress, damping, maximum shear strain, maximum shear stress, maximum acceleration, and acceleration in each sub layer. Table 4 shows the result of the calculation in worksheet iteration in order to obtain the maximum acceleration in every depth. Fig. 7 Correlation between shear strain, G/Gmax and damping ratio at B13 In the calculation using 4 types of source ground motion, Uniform Building Code [28] was used to determine the soil profile based on shear wave velocity recorded in the observed soil layer. The result shows that the measurement of 147 (location of mircrotremor survey) at the east part of B13 obtained the highest PGA of 0.384g in the calculation by using source ground motion Parkfield earthquake, while the lowest PGA was obtained in the calculation using source ground motion El Centro earthquake in the observer point No. 47 (western part of Yogyakarta) with the PGA of 0.189g. Fig. 8 shows the distribution map of PGA in Yogyakarta City developed from the result of nonlinear earthquake site response analyses using Parkfield source ground motion. The result shows that the southern part and the northern part of Yogyakarta have higher PGA up to 0.38g. The analyses were conducted at 47 observed points and considered adequate to represent the earthquake condition of Yogyakarta as the locations were spread evenly in the research area. 
CONCLUSION
In the determination of PGA using the deterministic approach by attenuation relationships, each method resulted in different PGA. In this research, the earthquake data from the 6.3 Mw Yogyakarta earthquake 2006 is used as a reference of the earthquake magnitude and distance from hypocenter. According to the seismic history, this earthquake has a 50-100 year return period. The PGA can also be calculated using probabilistic seismic hazard analysis that needs earthquake catalogues surrounding the observed area.
The highest PGA is obtained from the calculation using Kanai equation [21] by using the predominant period from microtremor measurement. The average peak bedrock acceleration based on seismic code is 0.25g with PGA for medium soil is 0.32g. The Bozorgnia et al. equation [20] results in PGA between 0.16g to 0.19g, while the Boore et al. equation [19] results in PGA value of 0.14g to 0.21g. The result of microtremor measurement obtains the highest PGA compared to the other two methods. The PGA varies from 0.05g to 0.30g.
The newly published seismic code (SNI-1726-2012) considers a 2% probability of exceedance in 50 years or 2500 year return period. This procedure resulted in much higher PGA values for medium soil (SD) of 0.50-0.57g in Yogyakarta City, almost twice as high as PGA calculated by the previous codes in 2002 and 2010, which used a 10% probability of exceedance in 50 years or 500 year return period.
The PGA calculation using nonlinear earthquake site response analyses obtains the highest PGA at the southern area that is 0.384g using source ground motion Parkfield earthquake while the lowest PGA of 0.189g is obtained in the calculation using source ground motion El Centro earthquake at the eastern part of the city.
The result of the research shows that the number and the distribution of microtremor measurement have represented the local site effects. However, to improve the accuracy of PGA calculation, the number and the depth of core drilling should be increased so that the soil layer profile and physical properties can illustrate the real condition more accurately. The downhole test in several other measurements should be performed to obtain more representative value of shear wave velocity in each layer. The above methods can be applied in the microzonation studies in other areas by having an appropriate site investigation and by applying attenuation equations suitable to the site characteristics of the areas.
